Abstract. The aerosol direct radiative effect (ADRE) affecting the Po Valley and the adjacent North Adriatic Sea is studied using 10-year series of measurements collected at two AERONET sites located in the western part of the Valley (Ispra), and on a platform (AAOT) offshore Venice. This region is characterized by a high, mostly continental, aerosol load with comparable average aerosol optical thickness τ a at both locations (0.21 at 500 nm) and more absorbing aerosols at Ispra. A dynamic aerosol model accounting for the changes in scattering phase function with τ a is used for radiative transfer calculations, together with boundary conditions representative of terrestrial and marine surfaces. A sensitivity analysis allows the construction of an error budget for the daily ADRE estimates, found to be of the order of 20% and mostly due to uncertainties on aerosol single scattering albedo and τ a . The daily radiative efficiencies, normalized by τ a at 500 nm, increase from December to June, from −17 to −24 W m −2 τ −1 a at top-of-atmosphere (TOA) and −33 to −72 W m −2 τ −1 a at surface for the Po Valley, and from −15 to −32 (TOA) and −35 to −65 W m −2 τ −1 a (surface) for the AAOT site. The average of log-transformed ADRE for TOA, surface and atmosphere are −5.2, −12.2 and +6.8 W m −2 for the Po Valley case, and −6.5, −13.0 and +6.5 W m −2 for the AAOT site but these values can be much higher for individual days. Concurrent clear-sky days give indications on the regional atmospheric heating spatial gradients. Differences between the atmospheric ADRE at the two locations average 6.3 W m −2 with a gradient positive towards the inner valley in 65% of the cases. This study confirms the importance of duly considering the radiative impact of aerosols on the regional climate.
Introduction
Aerosols have an impact on the radiative budget and hydrological cycle of the Earth through a variety of processes (Charlson et al., 1992; Ramanathan et al., 2001) . A direct action is by the scattering and absorption of solar radiation, the latter in turn reducing cloud cover by heating the lower atmosphere (the semi-direct effect, Hansen et al., 1997) . Moreover, by affecting cloud microphysical properties and lifetime, the aerosol particle distribution further affects the planetary albedo and precipitation patterns (Lohmann and Feichter, 2005; Rosenfeld, 2000) . This overall impact is now widely recognized for global studies but the uncertainties associated with the aerosol effects remain higher than those associated with greenhouse gases (IPCC, 2001) . A factor contributing to these uncertainties is the temporal and geographic variability of aerosols and their properties that partly explains the large diversity of published estimates (Yu et al., 2006) . Particularly, the spatial gradients of the radiative effect of aerosols are much higher than those of greenhouse gases (Matsui and Pielke, 2006) and logically, several studies have focused on how aerosols may affect regional climates in areas of intense sources (e.g., Menon et al., 2002; Chung et al., 2002; Lau et al., 2006) .
In Europe, the Po Valley (northern Italy) is a densely populated region, with intense rural and industrial activities, that stands out in regional maps of aerosol load (Chu et al., 2003; Barnaba and Gobbi, 2004) or emitted gases like NO 2 (Beirle et al., 2004) . Besides the concerns for air quality and health, studies of aerosols are needed for an accurate characterization of the radiative budget of the area. The present contribution is based on two 10-year time series of sun-photometer measurements that serve for radiative transfer computations and for the estimation of the aerosol direct radiative effect (ADRE). The two sites, separated by approximately 300 km, are adequately situated at two ends of the Valley, and provide measurements covering diurnal to inter-annual time scales. Interestingly, one site is located offshore in the coastal area of the northern Adriatic Sea and thus offers the opportunity to analyze the differences caused by different surface boundary conditions.
The main objective of the study is to quantify the aerosol direct radiative effect for the region at temporal scales from instantaneous to seasonal. The aerosol data are first described, and a comparative analysis of the direct radiative effect is performed for atmospheric and surface conditions characteristic of the two sites. Then, an assessment of the ADRE accuracy is performed taking into account different sources of error, related to the definition of the optical properties of the atmosphere-surface system and to methodological approximations. Finally, the daily to seasonal estimates of the aerosol direct radiative effect are presented.
Data and methods

Description of the sites and data
The study is based on measurements collected at two sites located at two ends of the Po Valley in northern Italy (Fig. 1) . One site is in the precincts of the Joint Research Centre (45 • 48 N, 08 • 37 E, elevation 235 m), close to Ispra, a village 55 km northwest of Milan and 16 km west of Varese. This location is surrounded by villages, fields, forests and lakes. The second site is the Acqua Alta Oceanographic Tower (AAOT), located in the Adriatic Sea, 15 km off the Venice lagoon (45 • 19 N, 12 • 30 E). The Po Valley has a flat topography surrounded by mountains (Alps and Apennines) and closed on the eastern side by the Adriatic Sea. Regional aerosol sources include large industrial, urban and rural emissions; air mass advection can also bring aerosols from the Mediterranean basin (with rare Saharan dust inputs; Rodríguez et al., 2007a) or from more northern European regions (e.g., Sogacheva et al., 2007) . These conditions, together with low average levels of windiness (Rodríguez et al., 2007b) , favor high loads of particles and pollutants Beirle et al., 2004 ) and a relative homogeneity at the scale of the valley (Mélin and Zibordi, 2005) . Information on chemical analyzes of Po Valley aerosols can be found in Matta et al. (2003) or Putaud et al. (2002 Putaud et al. ( , 2004 .
Both measurement sites are part of the Aerosol Robotic Network (AERONET) (Holben et al., 1998) . The instruments, CE-318 automated sun-photometers (CIMEL, Paris, France), have recorded radiometric data at the center wavelengths 440, 500, 675, 870, 940 and 1020 nm since August 1996 and July 1997 at the AAOT site and Ispra, respectively. Exceptions are the wavelength 500 nm not recorded at AAOT before July 1997 and at Ispra before February 2001, and an interruption in the Ispra time series between October 1998 and May 1999. The additional wavelengths at 412 and 555 nm are available after November 2001 at the AAOT site.
The direct solar irradiance measurements are used to derive the aerosol spectral optical thickness τ a (λ) at the associated wavelength λ through the Beer-Lambert-Bouguer law. The wavelength 940 nm is used only for the calculation of the amount of precipitable water vapor. The processing of the data is described by Holben et al. (1998) and Smirnov et al. (2000) (AERONET Version 2 direct Sun algorithm). Additionally, theÅngström exponent α has been computed by linear regression, as a function of wavelength, of the log-transformed τ a between 440 and 870 nm (3 or 4 wavelengths). All the data are so-called Level 2 according to the cloud-screening and quality control from AERONET . An exception is the period at the AAOT before June 1999, that is considered Level 1.5 (the final step of quality assurance missing). The expected accuracy for the aerosol optical thickness is 0.015 (Eck et al., 1999) . A daily value is computed as the average of all measurements recorded during the day if at least three measurements are available.
Additional information is used for a more comprehensive characterization of the aerosol properties at the two sites: the single scattering albedo ω a , the asymmetry factor g a , the scattering phase function ψ a at 440, 670, 870 and 1020 nm, and the volume particle size distribution VSD. These estimates result from the AERONET Version 1 direct Sun and almucantar inversion algorithms and are available for the periods June 1999 to December 2005 at the AAOT site, and July 1997 to November 2005 at Ispra. The inversions are based on the assumption of homogeneous spherical aerosols. In the case of aerosols dominated by fine particles (as for the considered sites, see below), the uncertainties for these inversions are estimated to be 0.03 for ω a , 15% to 25% for the VSD in the radius range 0.1 to 7 µm and 25% to 100% for the tails of the size distribution .
The main optical properties of aerosols have been presented for these sites by Mélin and Zibordi (2005) , and more completely for the AAOT site by Mélin et al. (2006) . They are here briefly recalled and updated. The frequency Fig. 2 . Frequency distributions of the daily aerosol (a) optical thickness, τ a , at 440 nm, and (b)Ångström exponent, α. N, µ, and σ are the number of days, the overall mean, and the standard deviation of the distributions, respectively. For τ a , log-transformed statistics are presented (the arithmetic mean and standard deviation for τ a (440) are 0.34±0.23 and 0.37±0.29 for AAOT and Ispra, respectively.) distributions of the aerosol optical thickness τ a at 440 nm (selected because this wavelength is available for the entire measurement record at both sites) and theÅngström exponent α are shown on Fig. 2 , and a synthesis of the main optical properties is given in Table 1 . The frequency distribution of the aerosol optical thickness is better approximated by a log-normal distribution than by a normal law, as proposed by O'Neill et al. (2000) and confirmed by Fig. 2 and by values of skewness and kurtosis, and thus log-transformed statistics are reported for τ a . On the basis of N d =1908 daily records at the AAOT site, τ a averages 0.264 at 440 nm (0.221 at 500 nm with N d =1840 daily records). For Ispra, these averages are 0.257 for τ a (440) (N d =1947) and 0.206 for τ a (500) (N d =1303). The averageÅngström exponent is also found similar at both sites, 1.53±0.34 and 1.51±0.33 at AAOT and Ispra, respectively. The relatively high values of α underline the predominance of continental aerosols, in line with the sources defining the aerosol regime in the Po Valley. These aerosol optical characteristics also resemble those of sites located in a urban/industrial environment (Holben et al., 2001; Dubovik et al., 2002) .
The statistical basis available for the inherent optical properties is much smaller (Table 1) , with a number of data records at the AAOT site and Ispra, respectively amounting to 2627 and 2253 for g a , ψ a and VSD, and 797 and 727 for ω a (these lower numbers are explained by the fact that the inversion algorithm does not return values for ω a in cases of low value of τ a ). A similar spectral dependency can be noticed for both sites, with ω a decreasing with wavelength, as mostly observed for aerosols other than dust (e.g., Dubovik et al., 2002) , and g a also decreasing with wavelength, consistent with a decrease in the scattering effective particle size (Hansen and Travis, 1974) . The aerosols associated with the location of AAOT appear less absorbing on average; this might be due to a location farther from the main pollution sources and to a background marine component. These properties, in terms of amplitude and spectral dependence, are well in line with results published for other continental sites, even if the local sources might have dif- Table 1 . Overall statistics (average and standard deviation) for the aerosol optical thickness τ a (log-transformed statistics), the Angström exponent α, the single scattering albedo ω a and the asymmetry factor g a . Wavelengths are indicated in nm. For τ a and α, the statistics are computed with the daily averages of the entire time series (see also Fig. 2) ; N d is the number of days, with the value in brackets given for τ a (500). The statistics for ω a and g a are computed over all N individual records.
Site
AAOT Ispra Estellés et al. 2007 ).
The similarity between the optical properties found at the two locations also confirms the results presented by Mélin and Zibordi (2005) . That study also showed a large degree of temporal correlation between the two time series at various time scales, from daily to monthly. Conversely, the mean diurnal cycle was found to be quite different. The diurnal variability exhibited at the Ispra site is similar to that documented for other sites influenced by urban/industrial centers , with an increase of τ a amounting to ∼10% on average between the mid-to-end morning and the end of the afternoon. Conversely, at the AAOT site the aerosol load is found to decrease from the early morning to the afternoon by an amplitude of 20% (annual average). The impact of this diurnal variability will be further addressed below in terms of aerosol radiative effect.
Definition of the aerosol model for each site
In a previous study (Mélin et al., 2006) and similarly to the work of Remer and Kaufman (1998) , a relationship between aerosol optical properties and the particle volume size distribution has been illustrated for the AAOT site, and is now summarized and extended to the measurements collected at Ispra. Figure 3 represents the VSD averaged per interval of increasing τ a at 500 nm, with 15 intervals of equal sample size for each data set. Three modes are apparent for the VSD, whose modal radius r v can be computed assuming a combination of log-normal distributions. The positions of the modes associated with large particles are rather constant, 1.3 and 6.0 µm for both data sets (average over all bins). Conversely, the modal radius of the small particles (accumulation mode) increases with the aerosol load, from 0.13 to 0.23 µm at the AAOT site, and from 0.12 to 0.22 µm at the Ispra site. This shift is associated with the growth of the small particles with humidity and is in line with the relationships found between precipitable water vapor and the amplitude and spectral shape of τ a (λ) (see Mélin et al., 2006 , for the AAOT site).
The aerosol scattering phase function ψ a also displays an angular dependence as the aerosol load increases (Fig. 4) . Thus for both sites, the peaks of forward and backward scattering decreases for large τ a . The asymmetry factor g a reflects this trend, increasing slightly with τ a (for instance, the bin-averaged g a at 440 nm approximately increases from 0.65 to 0.73 at both sites). The change in size distribution and water content is also translated in terms of single scattering albedo that tends to increase with τ a . As indicated in the previous sub-section, valid values for ω a from the inversion process are obtained only for the high range of aerosol loads; in practice, ω a statistics are available for the last five bins, corresponding to τ a (500) above approximately 0.3. Over this interval, the bin-averaged ω a at 440 nm increases from 0.95 to 0.96 at the AAOT site, and from 0.92 to 0.95 at Ispra.
The clear relationship between τ a and the aerosol physical (VSD) and inherent optical properties (ψ a ) allows the definition of an aerosol model for each site, whose optical properties evolve dynamically with τ a and are used for performing radiative transfer (RT) simulations, as described in Sect. 2.4. This has the advantage of accounting for the dependence on the size distribution of the radiative effect (Kiehl and Briegleb, 1993) . Considering a statistical basis restricted to the high range of τ a , the spectrum of single scattering albedo is kept constant (values given in Table 1 ). From the four wavelengths available for ψ a and ω a , the spectrum of these optical properties is determined by extrapolation in the range 0.25 to 2 µm. The uncertainties resulting from the extrapolation of the optical properties in the interval from 1 to 2 µm can be considered as relatively small for these types of aerosols (Haywood and Shine, 1995; Russel et al., 1999; Redemann et al., 2000) .
Surface albedo
The radiative transfer simulations require the definition of the surface boundary conditions. Over marine surfaces, the boundary condition is represented by a bidirectional reflectance distribution function (BRDF) for water (see Mayer and Kylling, 2005) , mainly depending on wind speed according to the wave slope distribution of Cox and Munk (1956) .
Over land, the values of the albedo ρ are defined using the albedo product (collection 4) derived from the Moderate Resolution Imaging Spectroradiometer (MODIS, Salomonson et al., 1989) on board the Terra platform. This product is distributed as global maps (1-min spatial resolution) representing sixteen-day averages of the so-called black-sky and white-sky albedos for wavelengths centered at 0.47, 0.55, 0.67, 0.86, 1.24, 1.64, and 2.1 µm Moody et al., 2005) . The black-sky albedo corresponds to the directional hemispherical reflectance computed at solar noon, and the white-sky albedo to the bi-hemispherical reflectance in conditions of isotropic illumination. The first validation analyses state an absolute accuracy mostly within ±0.02 for the integrated shortwave albedo (Lucht et al., 2000; Jin et al., 2003) . This satellite data set is not available for the entire AERONET record, and the albedo annual cycle is here defined by considering the year 2003 as representative. (Friedl et al., 2002) , to which should be added the influence of large cities. The area in the immediate vicinity of Ispra is more rural and forested, with lower values of albedo. In order to analyze the aerosol radiative effect for the region, the albedo spectra averaged over a small area around Ispra (approximately 15 km) and over the whole Po Valley, defined by elevations lower than 200 m, are considered, and are shown on Fig. 5 as seasonal averages. Whitesky and black-sky albedos are close, particularly for the spectral domain below 0.9 µm which is of primary interest for calculations of the aerosol radiative effect. The annual average white-sky albedo spectrally integrated in the domain 0.3-0.7 µm is 0.036 and 0.067 around Ispra and for the Valley, respectively. For the interval 0.7-5 µm, it is 0.200 and 0.250, respectively.
For the purpose of our study, the albedo used for the RT calculations is taken as the average of the noon white-sky and black-sky albedos weighted by the actual ratio of diffuse and direct irradiance. This takes into account the effect of the aerosol load on the geometry of the radiance field. The variations during the day with respect to the values at noon of the two albedo components are ignored, but the moderate dependence on the solar zenith angle should introduce small errors on the radiative effect, particularly for daily or monthly averages (Yu et al., 2004) . Radiative transfer calculations are performed with the two types of surfaces and associated albedo values (Ispra and Po Valley) . Differences between the results obtained by these two sets of calculations can be considered to assess the dependence on the albedo values as well as their associated uncertainties, including the intrinsic uncertainty of the product, the residual dependence on the solar zenith angle, or the possible impact of the inter-annual variability of the regional albedo.
For the sake of completeness, an albedo spectrum of uniformly snow-covered surfaces from the ASTER Spectral Library (Medium Granular Snow) is considered to assess the impact on ADRE of highly reflecting surfaces. These conditions are extreme for the Po Valley, where snow events are unfrequent (for instance at Ispra, in the pre-alpine part of the Valley, snow falls occurred just a few days per year in the last decade), and the properties of the ground at the scale of tens of kilometer are usually different from these snow simulations, because of heterogeneity of the snow cover remaining after snow fall. Snow cases are not specfically included into the time series presented in Sect. 4.
Radiative transfer calculations
The radiative budget with and without aerosols is determined using the libRadtran package (see Mayer and Kylling, 2005 , for a complete overview) and applying the DISORT2 code for the radiative transfer computations (Stamnes et al., 1998) . The solar irradiance spectrum is from Kurucz (1992) with a spectral resolution of 0.1 nm. The standard US 1976 atmospheric profile (Anderson et al., 1986 ) is assumed for gas absorption and scattering, modelled over 50 plane parallel layers ranging from the surface up to 120 km; the use of a different profile will impact the aerosol radiative effect within a few percent (Boucher and Tanré, 2000; Bellouin et al., 2003) . The SBDART k-correlated parametrization is used for gas absorption in the near-infrared (Ricchiazzi et al., 1998) . The aerosol load is homogeneously distributed in the lower troposphere, up to 3 km, and the optical properties are represented by the single scattering albedo and the Legendre expansion of the scattering phase function. The importance of a proper representation of the aerosol scattering phase function in determining the radiative effects has been recognized in previous studies (e.g., Boucher, 1998a) , so that a high number of coefficients (1000) of the Legendre expansion is selected to guarantee the accuracy of the phase function representation.
For the AAOT site, a BRDF for water surfaces is selected (Mayer and Kylling, 2005) , with a wind speed of 2 m s −1 well representative of the average local meteorological conditions. Previous analyses, performed with a coupled wateratmosphere code, demonstrated that changes in the water content and its bio-optical properties do not result in significant changes in the radiative effect. An increase of the background chlorophyll a concentration from 0.05 to 1.0 mg m −3 affects the ADRE by only 0.6% and 0.3% at the top-ofatmosphere and surface, respectively (Mélin et al., 2006) . For terrestrial surfaces, a lambertian surface with albedo ranging from 0.02 to 0.5 (12 values) is assumed for calculations performed with the Ispra aerosol model. An additional configuration is considered by combining this aerosol model with the water BRDF, in order to separate the effect of the aerosol and surface properties on the radiative fluxes (see Sect. 3.1).
In practice, radiative transfer computations are performed with the aerosol models associated with each τ a bin (Sect. 2.2), for every wavelength λ and solar zenith angle θ 0 in the range 20 • (lowest value at this latitude) to 85 • (by steps of 5 • ), and for the range of albedo values. The results are stored into a look-up table (LUT) for following analysis and representation of the results. As recalled previously, the Po Valley is characterized by a relative homogeneity of the aerosol properties and variability (see Sect. 2.1 and Mélin and Zibordi, 2005) . Thus, in the standard RT calculations, the aerosol characteristics at Ispra are taken as representative of at least the inner Valley and are used for radiative simulations over land, whereas the aerosol characteristics associated with AAOT are used for calculations over the Adriatic Sea. For sensitivity analyses, a reference case is defined by selecting the bins whose average τ a is close to the overall average, τ a =0.211 for Ispra (8th bin), and τ a =0.219 for AAOT (7th bin).
First, the instantaneous radiative effect (spectrally resolved or integrated) associated with one τ a bin is derived directly from the LUT for the top-of-atmosphere (TOA) as δF TOA (τ a ), expressed by the difference of the diffuse upward irradiance with and without aerosol, and for the surface, as δF SRF (τ a ) obtained by subtracting the total downward irradiance in presence of aerosol from that computed for an aerosol free atmosphere. For given τ a and θ 0 , δF is obtained from the LUT by bilinear interpolation. For terrestrial surfaces, the albedo spectrum typical of each season (Fig. 5 ) is selected, with values for a specific wavelength λ obtained by interpolation between the MODIS channels. Subsequently δF can be integrated in time at daily to seasonal scales to analyze the time series of the clear-sky aerosol direct radiative effect.
Comparative analysis and uncertainties
Comparative analysis
This section describes the characteristics of the aerosol direct radiative effect (ADRE) for sites representative of the Po Valley and the adjacent sea, particularly its variations with the aerosol optical thickness τ a , the aerosol model, the surface albedo (including land and sea), and the solar zenith angle θ 0 . Unless stated otherwise, the results are for RT calculations performed with the AAOT aerosol model and a water surface and with the Ispra aerosol model and the Po Valley typical albedo.
Instantaneous aerosol direct radiative effect
The instantaneous radiative effect at the surface, δF SRF and at the top-of-atmosphere, δF TOA , computed for every solar zenith angle θ 0 and every bin of the aerosol models (dependent on τ a ), are presented on Fig. 6 . For the sake of clarity, only a subset of the θ 0 values is displayed (thus the angle for which the radiative effect is maximum, noted θ max 0 , might not be represented). The results for the case of the Po Valley are shown for winter and summer albedos. At the surface, the dependence of δF SRF on τ a is close to linearity except for high solar zenith angles, whereas at TOA, this relationship departs from linearity for moderate τ a . The curves for θ 0 equal to 80 • should be viewed with caution considering the plane-parallel assumptions of the RT calculations.
The relationship between δF SRF and θ 0 is very similar for the different terrestrial albedos and comparable for the water surface, even though the amplitude for a given τ a is lower in that case (Fig. 6d-f ). For the reference τ a (500) (approximately 0.21) and for θ 0 below 65 • , δF SRF is close to −26 W m −2 for the marine case and −28 W m −2 for the Po Valley for the four seasons. For the bin of highest τ a (500) (0.97), the maximum value of δF SRF for the Po Valley is between −121 and −119 W m −2 for the four seasons, whereas it is −93 W m −2 for the marine case (for τ a (500) equal to 0.89).
Conversely, the relationship between δF TOA and θ 0 shows variations of amplitudes between seasons for the terrestrial case and a different angular dependence for the marine case. For instance for the reference τ a (500) and θ 0 of 20 • , δF TOA is between −5.8 and −7.5 W m −2 for terrestrial surfaces over the four seasons, and −13.2 W m −2 for the marine case (a factor of two higher). For θ 0 equal to 60 • , these numbers are from −13.6 to −14.9 W m −2 and −16.3 W m −2 , respectively.
Aerosol direct radiative effect efficiencies
The instantaneous radiative efficiencies at TOA and surface are derived as the slope of the linear regression between δF and τ a (500). Considering the non linearities noticed on Fig. 6 for high aerosol loads, the range of τ a (500) values used for the regression is restricted to the first 13 bins, i.e., for τ a (500) approximately lower than 0.5, that is the average value multiplied by the geometric standard deviation (see Table 1 ). The efficiencies computed on this interval are higher than those obtained over the whole range of τ a but they are more representative of the actual τ a variations. Figure 7 shows the radiative efficiencies at TOA and surface as a function of θ 0 for the various cases simulated: terrestrial surfaces with albedos representative of the Ispra area and the whole Po Valley (four seasons) and the Ispra aerosol model, and water cases with both AAOT and Ispra aerosol models and a very reflective surface (snow) with the Ispra aerosol model.
As documented in previous studies (e.g., Nemesure et al., 1995; Boucher, 1998b) , the dependence on the solar zenith angle of the ADRE at the top of atmosphere (Fig. 7a ) displays a well marked (negative) maximum at intermediate solar zenith angles. δF TOA is lower at low θ 0 , as the relative contribution of the aerosols in absorbing surface-reflected radiation (thus decreasing the overall efficiency of the atmospheresurface system in reflecting the solar radiation) is larger. As anticipated in the previous section, the dependence of the ADRE at TOA is clearly affected by the characteristics of the surface. For θ 0 below 60 • , f TOA e for the marine cases is higher (more negative) than for terrestrial surfaces, illustrating the main dependence of the ADRE with respect to surface albedo (e.g., Charlson et al., 1992; Haywood and Shine, 1995) . This is particularly the case at low solar zenith angle. At 20 • , f TOA e is equal to −54 W m −2 τ −1 a over water with the AAOT aerosol model. The maximum f TOA e is found at 55 • (−68 W m −2 τ −1 a for the AAOT aerosol case), angle lower than that documented by Boucher and Tanré (2000) , At the surface (Fig. 7b) , the efficiencies f SRF Similarly, the radiative efficiencies can be computed for a day by combining the instantaneous contributions for each sun zenith angle with the actual solar illumination cycle during the day. As for the linear regression performed on instantaneous values, only the first 13 τ a bins are considered. Table 2 presents the radiative efficiencies f e for both sites, computed for the 21st of every month. Logically, f e values are identical at the two equinoxes for the AAOT site (this is not so for the Po Valley because of the seasonal cycle of the surface albedo). At AAOT from December to June, f TOA a . In fact at TOA, the longer duration of the day in summer, which increases the daily ADRE, is balanced over land by the much reduced effectiveness around noon (low θ 0 , see Fig. 7a and Fig. 9 in Sect. 3.1.4).
Other estimates of the aerosol direct radiative effect are listed in Table 3 for regions mostly or partly influenced by continental/anthropogenic aerosols (these examples do not include situations with mostly dust or marine aerosols). Importantly, part of the variability of efficiency values given in Table 3 is due to differences in modelling and experimental approaches (including the spectral interval considered), in surface characteristics, in latitude, or in temporal scales. Notwithstanding this diversity, a comparison with this study −14.8 −34.8 −17.3 −33.4 places the present estimates of ADRE in relation to aerosols and their radiative impacts in other regions. The radiative efficiencies documented in this work appear in the middle of the interval represented in Table 3 and are actually similar to various situations. For instance, both f TOA e and f SRF e for the Po Valley compare remarkably well with estimates given for the region of Vienna (Austria) in summer. Interestingly, they are also similar to the values documented for Kanpur (India). The radiative efficiencies obtained for the AAOT site can be favorably compared to other estimates given for northeastern Greece, the marine regions around Korea and Japan, or southwest of India in (boreal) winter-spring. The ratio of daily f e at surface and TOA varies for the Po Valley case from 1.9 (December) to 3.0 (June) with an annual average of 2.5. It varies in the interval 2.0 to 2.4 for the AAOT case (annual mean of 2.1). The present results are also consistent with the multi-site analysis of Zhou et al. (2005) . These calculations and the comparisons with other ADRE estimates confirm a situation of moderately absorbing aerosols, coherent with the single scattering albedos characterizing the area.
Spectral dependence of the aerosol direct radiative effect
As discussed above, the effect of the surface reflectivity in determining the radiative effect is particularly marked at the top of atmosphere (Fig. 7) , and can be further described in terms of its spectral distribution (Fig. 8, example given for the reference τ a at the two sites). Obviously, for a given θ 0 , the spectral distribution of the radiative effect is a combination of the solar irradiance spectrum and the spectral characteristics of the surface albedo and aerosol optical thickness. As seen on Fig. 7a , the radiative effect for the AAOT case increases slightly from 20 • to 50 • and then decreases clearly for θ 0 beyond 60 • . This reduction is due to an increase of the surface reflectivity with θ 0 and appears to be uniformly distributed on the δF TOA spectrum (see Fig. 8a , orange to red curves). For the Po Valley the initial increase of δF is steeper and decreases only at high solar zenith angles. As expected for aerosols of continental type, the radiative effect for wavelengths larger than 1 µm becomes negligible. Actually, most of the radiative energy changes are distributed in the spectral interval 0.4-0.8 µm. For the Po Valley, the marked increase in albedo from 0.5 to 0.9 µm results in a decrease of the negative radiative effect, that becomes even positive for small θ 0 values in the spectral range 0.75 to 1.3 µm. Except at very high solar zenith angles, the largest radiative impact is for wavelengths around 0.5 µm (corresponding to the maximum of solar irradiance). 
Diurnal cycle of the aerosol direct radiative effect
The diurnal cycle of δF TOA and δF SRF is derived by combining the radiative effect, computed for every solar zenith angle, with the θ 0 variations during 15 January (winter) and 15 July (summer). At this stage, the aerosol optical thickness is fixed at its reference value. In winter, at the latitude of both sites, θ 0 remains close to or larger than θ max 0 and the maximum δF TOA and δF SRF are reached during the central part of the day (Fig. 9a) . In summer δF SRF is maximum around 07:00 a.m. and 05:00 p.m. and exhibits a visible reduction during the central part of the day (Fig. 9b) . At TOA the same effect is visible, with maxima slightly shifted in time, due to a different dependence of the ADRE on θ 0 (Fig. 7) . The daily cycle of δF TOA is especially evident for the Po Valley, with a maximum of about −16 W m −2 early in the morning and late in the afternoon, which is about twice as much as the value at noon. These results are associated with a decrease of the hemispheric upscatter fraction and have been documented in the context of other measurement series (e.g., Russel et al., 1999; Formenti et al., 2002; Wendling et al., 2002) .
Sensitivity analysis
Sensitivity tests are here performed to assess the uncertainty of the ADRE estimates. The main sources of uncertainty in the radiative effect estimation are linked to the optical properties of the aerosols and their vertical distribution, in the sea/land surface reflectivity parametrization and in some approximations introduced at different steps of the calculation. The effect of these sources is discussed and quantified below, to be used for an overall uncertainty budget.
Aerosol optical thickness
The expected accuracy of the aerosol optical thickness at 500 nm is 0.015 (Eck et al., 1999) . This uncertainty has a different impact for low and high aerosol loads, resulting, e.g, in a relative error of more than 40% for the first bin (low τ a ) and around 2% for the last bin of the aerosol models, while it amounts to approximately 7% for the average values. In the uncertainty budget, the relationship between τ a and δF is assumed linear, so that the related uncertainty on the radiative effect, τ , is equal to first order to the ratio δτ a /τ a . Part of this uncertainty is due to calibration and might result in a bias during a deployment period, whereas assumptions on the atmospheric conditions (e.g., pressure, ozone) lead to a variable error term (Eck et al., 1999) .
Single scattering albedo
In the RT simulations, the single scattering albedo ω a is assumed as a constant spectrum (see Sect. 2.2). For a sensitivity analysis, the uncertainty on ω a , σ ω , is estimated as the maximum of the dispersion around the mean value (standard deviation reported in Table 1 ) and 0.03, which is the uncertainty associated with the inversion process . Admittedly, there is an additional, unknown, uncertainty due to the absence of ω a values associated with conditions of low aerosol loads. As for ω a , the uncertainty term σ ω is extrapolated to all wavelengths in the range 0.25 to 2.0 µm. Then, the radiative effect associated with aerosols having single scattering albedo equal to ω a (λ) ± σ ω (λ) has been computed for representative τ a bins and the conditions associated with AAOT and the Po Valley, assuming a seasonally averaged spectral surface albedo for the latter. The relative differences, with respect to the ADRE computed with the average ω a , are represented on Fig. 10 , for the reference τ a bin. It is underlined here that all δF at TOA and surface observed in the present study are negative, snow cases excepted, and a positive relative difference (in%) means a reinforced negative effect.
For the AAOT site and the reference τ a (500) (0.219), δF TOA increases (more negative) for the more scattering aerosol (case ω a +σ ω ), within 15% for θ 0 below 70 • and by up to 20-30% for high θ 0 (see Fig. 10a ). On the other hand, at the surface this less absorbing aerosol results in a radiative effect that is reduced by −20% to −8% for θ 0 from 20 • to 85 • . The effect of a more absorbing aerosol (case ω a −σ ω ) gives specular results both at TOA and surface. These relative differences are little affected by the aerosol load: with τ a as high as 0.6, the relative differences do not change by more than 3-4%, except for δF TOA at θ 0 of 85 • (8%). For the Po Valley case and the reference τ a (500) (0.211) (Fig. 10b ) the relative change in δF TOA due to a change in ω a is maximum for low θ 0 (30% at 20 • ) and decreases to ±10% for high θ 0 . A significant impact of τ a is noticed for δF TOA , particularly at low solar zenith angles: the relative differences for θ 0 equal to 20 • is in the interval 25-35% but may reach 45% for high τ a (0.65). The trend for δF SRF is very similar to that described for AAOT, from 19% to 7% as θ 0 increases. As τ a is varied, the relative differences for δF SRF change by approximately 2%.
In the following, the reference τ a (500) serves to define a typical uncertainty term due to ω a . The relative sensitivity of δF with respect to the uncertainty on ω a depends clearly on θ 0 , both in magnitude and variations (including between sites), and this dependence is kept in the following error treatment.
Scattering phase function
In the aerosol models defined in Sect. 2.2, and unlike the assumption of a fixed ω a spectrum, the evolution of the aerosol scattering phase function ψ a with the aerosol load, expressed by the τ a bin (Fig. 4) , is taken into account in the set of RT calculations. The uncertainties of the ADRE associated with the uncertainties on ψ a are assessed by considering the variations of ψ a in an aerosol model bin. First, the logarithmic distance between each ψ a (taken at 670 nm) included in the bin and the bin-averaged function is evaluated, and the curves are sorted accordingly (the distance is computed as the root mean square difference between log-transformed values of ψ a over the available scattering angles). Then two sets of ψ a are selected, each containing 10% of the bin population, and centered around the 16 and 84 percentiles of the distance distribution (i.e., at±one standard deviation of the average ψ a ). The respective averages of these two sets, noted ψ a,1 and ψ a,2 (see Fig. 11 for the AAOT case) are considered representative of the phase function dispersion and provide an estimate of the associated uncertainty. Interestingly, ψ a,1 exhibits reduced forward and backward scattering peaks, and an increased scattering for scattering angles in the range 10 to 70 • , and is associated with high τ a values in the bin; ψ a,2 shows an opposite behavior. Numerically, large differences are noticed in the very first angles of scattering, but this variation of the forward scattering peak does not have a large impact on the aerosol radiative effect.
Calculations have been performed with ψ a,1 and ψ a,2 for the AAOT and terrestrial conditions and for various bins, and the relative difference, noted ψ , with respect to the standard results is computed. In practice, ψ varies with the phase function used, the type of surface, τ a and θ 0 in a rather complex way. For the sake of quantifying the related uncertainty term, the average relative effect during a day is computed for the central day of every season by considering the θ 0 variations; this appears confined within 4% (2%) for the Po Valley (AAOT) case at TOA and 1.5% at surface for both cases. These upper boundaries are conservatively chosen as estimate of ψ . These low values are explained by the fact that the aerosol type encountered in the region is fairly stable; the introduction of ψ a representative of very different aerosol types is likely to have a much larger impact.
Influence of the aerosol vertical distribution
The diversity characterizing the vertical distribution of aerosols have been amply documented in various locations (e.g., Hartley et al., 2000; Redemann et al., 2003; Matthias et al., 2004) . To assess the impact of this variability on the aerosol radiative effect, RT calculations have been conducted with three exponential vertical distributions, defined so that the amount of particles reaches 90% of the total at heights of 1, 2 and 3 km, and are compared with the results of the reference distribution (uniform up to 3 km). For these sim- ulations, the vertical resolution is refined to 250 m in the lower 3 km. The inherent optical properties of the aerosols are still maintained constant. Even though such tests are far from representing the full diversity of the observed aerosol layering, an exponential function has been used as a convenient way of depicting its main features for typical continental aerosols, including at European sites (e.g., Mattis et al., 2004; De Tomasi et al., 2006) . On the other hand, complex vertical layering has been found for particular events, such as long range transport of desert dust or forest fire aerosols (including over Europe, for instance see Ansmann et al., 2004; Mattis et al., 2003, respectively) , that are not the focus of the present study.
The results of the simulations performed for the reference τ a are represented on Fig. 12 as relative differences with respect to the reference case (aerosol uniform up to 3 km). As expected, the largest relative differences z in radiative effect occur at TOA when the aerosol particles are concentrated close to the surface (90% of the aerosol load within 1 km) and for the highest solar zenith angles (−3% and −6% for θ 0 of 75 • and 80 • , respectively). δF SRF exhibits a moderate dependence on the vertical distribution, with relative differences mostly within 1% for θ 0 below 80 • . The change in vertical structure usually has a larger effect for the terrestrial case, particularly for low θ 0 , (+4.5% at TOA and −1.5% at the surface, i.e., a more and less negative radiative effect, respectively). The increases in z noticeable for very large θ 0 should be considered with caution because of the approximation of a plane-parallel atmosphere in the RT calculations. In any case, these higher values are related to situations of low The estimate of the daily average effect of different vertical distributions is done by combining z of the 1-km exponential profile (worst case) with the θ 0 variation during the central day of each season. The result is within 3.4% at TOA and about 1% at the surface, and these values are used in the following uncertainty budget. Even though these results indicate a secondary effect of the aerosol vertical structure, it is stressed that they apply to the integrated effect (at TOA and surface). The vertical structure of the aerosol radiative effect, whose description is relevant for an accurate modelling of atmospheric dynamics, is obviously affected more strongly by the vertical distribution of the aerosols.
Influence of the surface albedo
The land surface albedo averaged over the region in proximity to the Ispra AERONET station exhibits values lower than the average for the whole Po Valley, for every season and for both black and white-sky albedos (Fig. 5) . The spectral albedo, used as input to the RT model, is computed by weighting black and white sky albedos with the direct-todiffuse irradiance ratio, which depends on θ 0 and τ a . Consequently, the relative difference between the albedos ρ of the two regions also depends on θ 0 and τ a , but in practice the related variations are small. Actually, for all conditions and seasons, relative differences between albedos associated with Ispra and the Po Valley (for ρ integrated between 0.25 and 2 µm) are found between 19% (in spring) and 22% (in winter).
As already seen on Fig. 7 , δF is larger (more negative) in the case of an albedo representative of the region of Ispra than for the (higher) albedo averaged over the whole Po Valley. This is particularly visible for δF TOA in conditions of high values of τ a and low solar zenith angles. The effect on ADRE at TOA, estimated along the central day of each season, is within 6% (winter) and 12% (spring), while, at the surface, it is much reduced, with differences not exceeding 2%.
Considering the geographical variability of the surface conditions encountered in the area of study (Fig. 1) , the differences between the two sets of simulations appear appropriate to depict the sensitivity of δF to variations of ρ. Thus the relative uncertainty of δF due to the uncertainty on ρ, noted ρ , can be directly estimated by scaling the differences between the two sets of simulations with the absolute accuracy characterizing the MODIS product (±0.02, Sect. 2.3). The dependence of ρ on θ 0 is conserved in the estimates of the uncertainty budget for δF . Typically, the resulting uncertainties on the daily time scale are on average less than 1% for δF SRF and vary between 3.6% and 6.8% from winter to summer for δF TOA . Admittedly, these values do not foresee specific ground conditions such as heavy snow cover or flooded rice paddy fields that can be found in the western Valley.
For the marine conditions, RT calculations have been performed with different wind speeds, including 1 and 10 m s −1 . The resulting relative differences vary mostly with θ 0 , ∼5-10% at the top of atmosphere and 1% at the surface. Conservatively, an uncertainty of 10% is assumed for δF TOA . This appears consistent with the assumptions made by Yu et al. (2004) .
Influence of the diurnal cycle
In all calculations so far, the aerosol optical thickness was taken constant during the day. This is justified for the sake of simplicity and the fact that time resolved daily series of τ a are Fig. 13 . Influence on the aerosol direct radiative effect of the diurnal cycle of τ a . δF TOA (blue) and δF SRF (green) are computed for the two cases using constant daily values for τ a (line), and a diurnally-resolved τ a (line with diamonds). The δF scale is on the left-hand side. The associated relative differences of δF are shown by the corresponding colored lines with asterisks and the relative diurnal variability of τ a is in black with diamonds (right-hand axis).
not always available for the determination of the aerosol radiative effect. However, τ a values measured at both sites exhibit significant diurnal variations (Mélin and Zibordi, 2005) . The related impact on the radiative effect is here assessed, for each season, by comparing δF computed for τ a assumed constant along the day and varying according to the seasonally averaged diurnal cycle, computed as by Smirnov et al. (2002) (see Fig. 13 for the example of spring and the reference τ a ). The relative differences in radiative effect, d , mirror the τ a variations along the day. Daily averages of δF are always within 0.8% for the AAOT site and aerosol model, due to compensation of morning and evening τ a variations. This is not so in the case represented by Ispra, where τ a around noon tends to be lower than the daily average. Consequently, d is higher, up to 1.9% and 2.1% in winter, for TOA and surface, respectively. Clearly, daily variations of τ a much larger than the seasonal average might occur, but in general the use of a constant τ a (equal to the daily average) for computing the daily integrated δF seems a safe approximation, favored by the quasi linearity of δF versus τ a .
Overall uncertainty budget
The different sources of uncertainty described above and their impact on δF TOA and δF SRF are combined in order to derive an estimate of the uncertainty at daily and monthly scales (see Sect. 4.1 and Sect. 4.2) . The various uncertainty terms described above and assumed independent are summed to estimate the uncertainty D for the daily aerosol radiative effect δF :
For the monthly ADRE averages, we distinguish between "random" errors, which can be minimized when considering repeated measurements on the same site, and "systematic" error contributions, that are not reduced by averaging. The uncertainties associated with the variations of aerosol optical properties (ω a and ψ a ) in a bin are assumed variable, whereas the uncertainties associated with methodological assumptions (fixed homogeneous vertical distribution and constant τ a during the day) and with the characteristics of the surface albedo are assumed systematic. Uncertainties on τ a are partly due to uncertainties on environmental variables (pressure, ozone, ...) and calibration. The latter term might result in a systematic error during a deployment period. Conservatively, it is assumed to be dominant (see Eck et al., 1999 , for a discussion) and thus systematic. Therefore, the error on the monthly average is computed as:
where N d is the number of days available in the month.
Estimates of the aerosol direct radiative effect
Daily statistics
The available AERONET time series described in Sect. 2.1 serve for the computation of the clear sky aerosol direct radiative effect along the entire time period. For regional studies, it is important to consider the whole frequency distribution of the aerosol load, and not only monthly or seasonal averages; these smooth out events that potentially have a strong impact on the radiative budget (besides the statistics on air quality monitoring). Estimates of ADRE are performed for clear sky days with an associated value of τ a (500). Here these are arbitrarily defined as the days with a minimum number of optical measurements during the day, proportional to the day length, from 12 in June to 6 in December. These thresholds affect the number of days classified as clear but not the main statistical features of the ADRE frequency distribution represented on Fig. 14. The dashed lines bracketing each quantile of daily estimates represent the corresponding uncertainty, computed as in Eq. 1 (δF ± D δF ). The results presented for the terrestrial case are derived from the LUT constructed with the typical albedo for the Po Valley and the Ispra aerosols. As anticipated earlier, the aerosols at Ispra are here considered representative of the conditions in the western part of the Valley; considering the relative homogeneity of the surface conditions for the region of interest (Fig. 1) , it seems more relevant for the present regional analysis to select the corresponding albedo. In any case, the ADRE for the actual site of Ispra differs only slightly. Finally, in line with the hypothesis of a log-normal distribution for τ a , log-transformed statistics for δF are preferred to describe the frequency distributions (arithmetic means are given for completeness in the legend of Fig. 14) . respectively. With respect to the AAOT site, the higher values at the surface are mainly due to the lower ω a , while at TOA the effect is reduced due to the surface albedo. The ratio of δF SRF and δF TOA amounts on average to 2.4 and exhibits a large variability (1.6 to 3.7), which can be attributed to a larger variability in ω a and the variations of the surface albedo during the year. If similar statistics are computed by season, the geometric averages for δF SRF vary for both sites between approximately −6 and −19 W m −2 from winter to summer. This evolution for δF TOA is from −2.7 to −9.9 W m −2 for AAOT, and −3.2 to −7.1 W m −2 for the Po Valley case.
For the AAOT site, the average error terms for δF SRF and δF TOA are 18% (or 2.7 W m −2 ) and 20% (or 1.5 W m −2 ), respectively. The average error for δF SRF for the Po Valley is 19% (2.6 W m −2 ); the relative error for δF TOA is 23% (1.3 W m −2 ), a figure higher than at AAOT due to the higher sensitivity on ω a . For both sites, the uncertainties on τ a and ω a contribute to most of the overall uncertainty for δF SRF (approximately more than 90%) and in comparable proportions (even though varying with site and season). For δF TOA , the other error terms take more importance, particularly the uncertainty due to the surface albedo. The latter is assumed as 10% for marine surfaces and is on average around 5% for land conditions (see Sect. 3.2.5).
The average atmospheric radiative effect δF ATM , computed as δF TOA −δF SRF , is found slightly higher for the terrestrial conditions (+6.8 W m −2 ) than at AAOT (+6.5 W m −2 ), a difference mostly induced by a weaker δF TOA favored by a higher surface reflectivity. The long time series offer the unique opportunity to give an estimate of the spatial gradient in radiative effect due to aerosols at the scale of the Po Valley. As a simplification, the days classified as clear for both sites (673) are considered as the sample population to compute the gradient in atmospheric radiative effect (see Fig. 15 for the frequency distribution). These estimates are based only on differences between sites located at two ends of the Po Valley, but even though larger gradients might be observed locally in between, they provide an interesting insight into the spatial distribution of δF ATM at a regional scale. The gradient is mostly positive towards Ispra (larger heating) with an overall average of 3.8 W m −2 . Actually, δF ATM appears larger in the Po Valley conditions in 65% of the cases. This is only partly explained by a larger τ a (in 55% of the cases). Differences in ω a and surface boundary conditions further modulate the atmospheric radiative gradient; in fact the daily radiative efficiency for the atmosphere, f ATM 
Seasonal analysis
Subsequently, monthly averages of the aerosol radiative effect are derived from the daily series. Then, the average seasonal cycle is computed using the available years and is combined with the cloud fraction CF (provided by the International Satellite Cloud Climatology Project, Rossow and Schiffer, 1999) to yield the monthly climatology of the aerosol direct radiative effect. Figure 16 represents δF TOA , δF SRF and δF ATM , together with a ±σ bar representing the inter-annual variations around the climatological average (also weighted by the clear-sky fraction). The aerosol optical depth at 500 nm and the clear-sky fraction are also displayed. At the AAOT site, δF SRF increases from winter (−1.7 W m −2 in December) to summer (−12.9 W m −2 in August), a seasonal excursion reinforced by the correlated seasonal cycles of clear-sky fraction and sun illumination. The ADRE at the top-of-atmosphere exhibits the same seasonal behavior, ranging from −0.7 to −6.6 W m −2 for the same months. Consequently, the atmospheric heating, coming from the difference of the terms above, presents again a minimum in December (+1.0 W m −2 ) and a maximum in August (+6.3 W m −2 ). The seasonal trend derived for the Po Valley region is similar, with δF SRF increasing from winter (−1.9 W m −2 in December) to summer (−13.7 W m −2 in June), and similarly with δF TOA increasing from −1.0 W m −2 in December to −4.8 W m −2 in July. The atmospheric heating is as high as +9.1 W m −2 in June, and is minimum in December (0.9 W m −2 ). For both cases, the error budget represented by M (Eq. 2) amounts to ap- proximately 13% in winter and 3-5% in summer. The higher value of the monthly uncertainty term in winter is explained by a lower number of days during winter months and the lower average τ a in that season, leading to higher relative uncertainties.
Conclusions
The direct radiative effect induced by aerosols is computed for the Po Valley region and the adjacent North Adriatic Sea, from long term time series of AERONET measurements and MODIS albedo data. For the sites of AAOT and Ispra, the overall averages for τ a (500) and α are approximately 0.21 and 1.51, respectively. Besides the nature of the surface, the main difference between the two sites is a higher absorption for the Ispra aerosols, with an average ω a (440) of 0.928±0.032, as compared to AAOT's 0.956±0.017.
The different surface reflectivity over land and sea concurs to significant differences in radiative efficiencies f e at TOA (Fig. 7 and Table 2), varying for daily values along the year from −17 to −24 W m −2 τ −1 a for the inner Po Valley conditions, and from −15 to −32 W m −2 τ −1 a for the AAOT case. The efficiency at surface is more similar between sites in amplitude and temporal dependence, a convergence favored by a compensation between the effects of different ω a and a for the AAOT site. In terms of daily radiative effect, the frequency distributions of δF TOA , δF SRF and δF ATM have a geometric average of −5.2, −12.2 and +6.8 W m −2 , respectively, for the Po Valley case, and −6.5, −13.0 and +6.5 W m −2 for the marine site. On any given day, these radiative effects can be much higher (see Fig. 14) . Furthermore, the large data set available gives the opportunity of analyzing a representative frequency distribution of the atmospheric heating spatial gradient between two ends of the Po Valley created by the aerosols in clear-sky conditions. This gradient is skewed towards a larger heating in the western part of the Valley and its average absolute value amounts to 6.3 W m −2 . Finally, a monthly climatology has been derived using seasonal values of the clear-sky fraction. For the Po Valley case, the climatological ADRE at TOA and surface peaks in summer at values of −4.8 and −13.7 W m −2 , respectively. The corresponding values for the AAOT site are −6.6 and −12.9 W m −2 . All these results point to a significant role of the aerosols in the radiative budget of the region.
An attempt has been made to accompany the estimates of the clear sky aerosol radiative effect in the region by a comprehensive uncertainty budget. The sources of uncertainty considered are mostly related to the measurements or determination of aerosol optical properties (τ a , ω a and ψ a ), the construction of the aerosol models (with properties either constant or varying dynamically with the aerosol load), assumptions on the aerosol vertical distribution, and the surface reflectivity. Not surprisingly, the uncertainties on τ a and ω a usually dominate the error budget, but secondary terms, like that associated with the surface conditions, are also significant contributors particularly for the TOA effect. The uncertainty on the daily values has been estimated to be overall of the order of 20%. It is underlined that this uncertainty analysis is restricted to the framework of clear sky estimates. The global effect of aerosols on the region needs to include all interactions between aerosols and clouds but these complex and multi-faceted effects have not been considered in the present study. The integration of complementary measurements and chemical and transport modelling into a comprehensive monitoring system would be a logical avenue towards an improved assessment of the regional climate.
In any case, the emergence of a decade-long record of aerosol data obtained from optical measurements contributes to a better definition of the radiative budget of the Po Valley and adjacent marine area. This is relevant in the context of reduced emissions in western Europe (particularly for sulfate; Stern, 2006; Manktelow et al., 2007) and possible remote influences from inter-continental transport. In the case of the Po Valley (as in most of western Europe), an inversion in the temporal trend of solar radiation has been noticed in the 1980s (from "dimming" to "brightening", Norris and Wild, 2007) , with the recent decrease likely related to a lower aerosol burden. As the time series of the field measurements lengthens, it further supports, in conjunction with other monitoring efforts, the analyzes of long term evolution of the aerosol load and associated radiative effect in this region characterized by high aerosol levels.
